Electron transfer reactions at semiconductor/liquid interfaces are studied using the Fermi Golden rule and a free electron model for the semiconductor and the redox molecule. Bardeen's method is adapted to calculate the coupling matrix element between the molecular and semiconductor electronic states where the effective electron mass in the semiconductor need not equal the actual electron mass. The calculated maximum electron transfer rate constants are compared with the experimental results as well as with the theoretical results obtained in Part I using tight-binding calculations. The results, which are analytic for an s-electron in the redox agent and reduced to a quadrature for p z -and d z 2-electrons, add to the insight of the earlier calculations.
I. INTRODUCTION
The electron transfer reactions at the Si/viologen 2ϩ/ϩ and InP/Me 2 Fc ϩ/0 interfaces were studied recently by Lewis and co-workers. [1] [2] [3] The experiments yielded a maximum electron transfer rate constant in the range of 10 Ϫ17 -10 Ϫ16 cm 4 s Ϫ1 . To compare with the experimental results, the maximum rate of interfacial electron transfer reactions between a redox agent in solution and InP and Si semiconductors was calculated in Part I, the InP surface, as is believed, being terminated with O's and the Si surface with H's. 4 A tight-binding model was used for the semiconductor and extended Hückel calculations were performed for the molecule and for the electronic coupling, in conjunction with z-transform 5 and slab methods. 6 Since a free electron model for the problem provides a simple description which can add to the physical insight, the present treatment was undertaken, by adapting Bardeen's method to this study. It is known that with an effective mass the free electron model describes many properties of bulk semiconductors [7] [8] [9] [10] [11] [12] and that the free electron model with the actual electron mass describes various properties associated with the LCAO molecular wave functions of aromatics and polyenes, such as electron densities and bond orders 13 ͑and so even the coefficients͒. The paper is organized as follows: The theoretical model is given in Sec. II. The expression for the electron transfer rate constant and its application is given in Sec. III, and the results are compared with those in Part I and are discussed in Sec. IV.
II. THEORY

A. Preliminary remarks
The electrons in the semiconductor are treated here as free electrons in a semi-infinite potential well with a constant potential inside the well and a known effective mass. The potential well has a surface normal to the z direction and is infinite in extent in the x and y directions. The electronic wave function of the molecule is obtained by solving a Schrödinger equation whose potential is constant inside a spherical potential well and is zero outside. Analogous models for molecules were applied in earlier studies of the orientation effect on the electron transfer reactions by Siders et al. 14, 15 The wave functions for the semiconductor electrode and the molecule obtained using the free electron model are then used to calculate the electronic coupling matrix element, and from it the maximum electron transfer rate constant. The electron transfer between a semiconductor electronic state and the molecular state is treated as nonadiabatic and Fermi Golden Rule is applied, and the electronic coupling matrix element is calculated by adapting the method introduced by Bardeen. 16 The application of Bardeen's method, with an adaptation to the present case where the effective electron mass in a semiconductor differs from the actual electron mass, provides an analytical or quadrature expression for the coupling matrix element between the semiconductor and the molecular state.
The total electron transfer current between the semiconductor and the molecule is obtained as the sum of the currents between each semiconductor electronic state and the molecular state. This procedure was discussed and applied earlier in Part I to the study of electron transfer reactions at semiconductor/liquid interfaces using a tight-binding model. 4 It has also been used by various groups in the study of electron transfer reactions at metal [17] [18] [19] [20] and semiconductor surfaces. 18, 21 The formula for the maximum rate constant is then applied to two semiconductor/liquid interfaces ͑Si/viologen ͒. These two interfaces were studied experimentally by Lewis and co-workers, [1] [2] [3] and conditions were obtained for the former and partly for the latter which satisfied ideal current vs applied potential behavior. In these studies, the current density J f due to electron transfer from the semiconductor to the molecule is proportional to both the concentration ͓A͔ of the molecules in the liquid and the density of electrons n s at the semiconductor surface,
where e is the elementary charge and k et is the electron transfer rate constant. These studies also provided experimental values for the maximum rate constant, which were around 10 Ϫ16 cm 4 s Ϫ1 , for the electron transfer reaction at the two interfaces. The free electron model used in the present study provides rate constants for the two systems in reasonable agreement with the results of tight-binding calculations and with the experimental maximum rate constants.
B. Kinetics at semiconductorÕliquid interfaces
The net current density J due to the electron transfer reaction at a semiconductor (S)/liquid interface,
can be written as
where J f is the current density due to the electron transfer from the semiconductor to the molecule and J r is the current density corresponding to the reverse process. J f and J r depend on the concentration of A and A Ϫ , respectively, at the interface,
where k f and k r are pseudo-first-order rate constants, and, from Eq. ͑1͒,
In the following, we obtain an expression for k f using a standard result 22 on electron transfer reactions: Under the weak coupling assumption, the rate constant k f s for the electron transfer from a single electronic state of the semiconductor described by a superscript s, which includes both the effect of electron tunneling or hole and ''nuclear reorganization,'' can be expressed using the Fermi Golden Rule, 22 for an electronic state to electronic state transition,
where FC is the Franck-Condon factor, V is the electronic coupling matrix element, and ប is Planck's constant. A common classical expression for the Franck-Condon factor is 22 FCϭ 1
͑8͒
where is the reorganization energy, and ⌬G is the free energy change of the reaction under the prevailing conditions of temperature, electrode-solution potential difference and environment. Electron transfer at the semiconductor/liquid interface involves a continuum of electronic states in the semiconductor, whose solution, strictly speaking, requires solving a many-electronic state problem. A quantum mechanical study of the many-state crossing problem shows that when the splitting of the states caused by crossing is small the Landau-Zener formula is applicable to a large variety of such problems. 23 The major charge carriers in these semiconductors have very low concentration and can be treated individually in interfacial reactions. 24 As in the tight-binding calculations 4 for the semiconductor/liquid interfacial electron transfer rate constant, it is assumed in the present study that only transitions between each pair of semiconductor/molecule states are important, and we restrict ourselves to this two-level approximation. Under this approximation the electron transfer current between the electrode and an acceptor state is the sum of the current from each electronic state of the semiconductor electrode to the molecular state, and a total rate constant ͑total denoted by t͒ k f t (r) can be written as
Here, k denotes a semiconductor electronic state whose wave vector is k. The k f t (r) varies with the position r of the acceptor molecule relative to the electrode, and can be further written as
where ⑀ k is the energy of the state k, f (⑀ k ) is the probability that the state k is occupied and V k (r) is the coupling matrix element between the electronic state k of the semiconductor and the molecule. The FC and ͉V k (r)͉ 2 have units of energy Ϫ1 and energy 2 , and k f t (r) has units of s Ϫ1 . When ⑀ k denotes the energy of state k relative to the edge of the conduction band, the ⌬G in Eq. ͑8͒ is related to ⑀ k by
where ⌬G 0 is defined as the standard free energy of the reaction when the donor state in the semiconductor electrode is at the conduction band edge at the interface (⑀ k ϭ0). ⌬G 0 can be obtained from electrochemical measurements.
An expression for the current density is given next in the terms of k f t (r). The forward current density through the electrode is obtained by first summing over currents from the electrode to all the acceptors in the solution and then dividing the sum by the area of the electrode surface ,
When the reaction is not diffusion-controlled, and when the change of electrical potential inside the liquid can be neglected, as apparently it is under the condition in Lewis' experiments, 1-3 ͓A(r)͔ can be taken as constant. The electron transfer rate constant in Eq. ͑4͒, which is independent of the concentration of acceptors in the solution but is implicitly dependent on the concentration of electrons in the semiconductor is then
It has units of cm s Ϫ1 .
In particular, when k f (r) is only a function of R, the distance between the redox species and the electrode surface, Eq. ͑12͒ becomes
This equation, together with Eq. ͑9͒, will be used later in deriving an expression for the maximum electron transfer rate constant at a semiconductor/liquid interface.
C. Electronic coupling matrix element
In this section, the electronic coupling matrix element is obtained using the semiconductor and molecular electronic wave functions given in Appendices A and B as the zerothorder orbitals for the interacting system.
For an electron donor (D) and acceptor (A) system, if treated as a two-state problem, the coupling matrix element can be obtained by solving a secular equation det(HϪES) ϭ0, where H and S are the Hamiltonian and overlap matrices for the two-level system. When the two zeroth-order states have the same energy, or in the context of Eq. ͑14͒ below, ͗D͉H͉D͘ϭ͗A͉H͉A͘, the matrix element T DA is then half of the value of the difference between the two eigenvalues of the above secular problem, and can be expressed as 25, 26 
where ͗D͉A͘ is the electronic overlap integral of the donor and the acceptor state. The electron transfer between each semiconductor state and the molecular state will be treated as a two-state problem with the coupling matrix element obtained using Eq. ͑14͒. For a free electron model the Hamiltonian of such an interacting system is HϭϪប 2 /2mٌ 2 ϩV, where VϭV 1 within the semiconductor, VϭV 2 within the molecule, and Vϭ0 everywhere else. In this case, the coupling matrix element denoted by V k between the semiconductor state with wave vector k and the molecule, can be written as 14, 15, 27, 28 
where ͗¯͘ 1 means the integration over the space occupied by the semiconductor. The term ͉͉͗⌿ k ͉͘ 2 in the denominator of the first equality can be neglected relative to unity as the volume of the semiconductor region becomes large.
To apply Bardeen's method to calculate V k , it is necessary to extend it to the present system where the electron mass m 2 in the molecule differs from the effective mass m of the electron in the semiconductor. Further, the effective mass for an electron of the semiconductor has been defined only for the bulk properties, and yet an electron mass in the wave function just outside the semiconductor is needed also. With these observations in mind, we introduce the following procedure.
A typical fall-off factor of an electron transfer coupling matrix element with distance is exp(Ϫ␤R/2), where R is distance from the relevant edge of one reactant to the relevant edge of the second reactant and ␤Х1 Å -1 . 22 We can achieve this distance dependence in the free electron model as follows: we write RϭR 1 ϩR 2 , where R 1 is the distance from a field point along R to the edge of one reactant and R 2 is the distance from that point to the edge of the other reactant. In a free electron description each wave function then decreases as exp(Ϫ␤R i /2), iϭ1,2. For the semiconductor, denoting ␤ by ␤ 1 , we have ␤ 1 /2ϭͱϪ2m(E c ϩ⑀ k )/ប, where E c is the conduction band edge relative to the energy in the solvent, taken as zero. ͓The E k given later in Eq. ͑16͒ is this E c ϩ⑀ k .͔ Since E c is about 1-2 eV and ⑀ k is about k B T, we have ⑀ k Ӷ͉E c ͉ and so ␤ 1 /2ХͱϪ2mE c /ប. For any choice for m, e.g., choosing it to equal to the effective mass in the bulk semiconductor, we can choose E c to yield the chosen ␤ 1 (ϳ1 Å -1 ). For the molecule the wave function and energy of the electron depends on the relevant molecular radius b, on the electron mass m 2 , and on the position of the molecular energy level E 2 relative to the solvent, again taken as zero. Inasmuch as the relevant ␤, written as ␤ 2 , equals 2ͱϪ2m 2 E 2 /ប, and we wish to have ␤ 2 Х␤ 1 ϭ␤. In the interests of simplicity, we can choose the pair (m 2 ,E 2 ) so as to produce the desired ␤ 2 . If we take, for example, m 2 ϭm, the effective mass in the bulk semiconductor, we can adjust E 2 to achieve this ␤ 2 . The adjusted E 2 equals E c ϩ⑀ k ͑and hence ХE c ͒. Indeed, for electron transfer we have E c ϩ⑀ k ϭE 2 in the transition state and so this selection of m for the electron mass outside the molecule is consistent with this energy requirement ͑see Fig. 1͒ .
It remains to consider the behavior of the molecular wave function inside the molecule. We have already fixed the energy E 2 , a mass m, and a radius b. To achieve this E 2 for the given b and m we merely choose the appropriate depth of the potential energy well V 2 . Accordingly, we now have a system which has the same electron mass m through- out and yields the desired decrease of the wave function with distance.
The method due to Bardeen, 16 used here for the evaluation of the value of V k , is only applicable when the donor and acceptor states have the same energy, which is the case for the electron transfer reaction obeying the FranckCondon principle and considered in this study. Since
the V k in Eq. ͑15͒ can be approximated by V 1 ͉͗⌿ k ͘ 1 . Following Bardeen, 16 this quantity can be written as an integral over the space occupied by one of the reactants, here the semiconductor S, we note that
where E k is the eigenvalue corresponding to ͉⌿ k ͘ and T denotes the kinetic energy operator, Ϫ(ប 2 /2m)ٌ 2 , in coordinate space. But we also have T͉͘ϭE 2 ͉͘ in the region outside the molecule, where E 2 is the eigenvalue for the molecule. Thereby,
͑17͒
We have from Eqs. ͑16͒ and ͑17͒,
͑18͒
When ͗D͉H͉D͘ and ͗A͉H͉A͘ are set equal in the transition state, E k and E 2 are not quite equal, but the difference between them 30 is neglected. 27, 28 We thus obtain, on neglecting the terms mentioned earlier,
where n is a unit vector normal to the surface of well S and pointing outward from S, i.e., in the direction of negative z, and ds is the area element of the surface of well S. Setting zϭ0 at the semiconductor surface, Eq. ͑19͒ then becomes,
͕͑‫ץ‬⌿ k */‫ץ‬z͒Ϫ⌿ k ‫͒‪z‬ץ/ץ͑*‬ ͖ds.
͑20͒
In the following the implementation of Bardeen's method is illustrated by an evaluation of the electronic coupling matrix element between a semiconductor state and an s-type state of the molecular acceptor. The expressions used for p z -like and d z 2-like molecular wave functions are given in Appendix B. The integrand in Eq. ͑20͒ is evaluated at the semiconductor surface. We have ‫ץ/ץ‬z͑x,y,zϭ0 ͒
The normalization of ⌿ k will be made with respect to a large volume v, most of which encompasses the semiconductor surface. The a 1 in Eqs. ͑21͒ and ͑22͒ has units of 1/ͱv, and is given by Eq. ͑27͒ below, and the A 0 in Eqs. ͑23͒ and ͑24͒ has units of cm
. A normalization to a delta function could have been introduced instead if we had introduced a z-dependent electric field inside the semiconductor similar to the actual field. However, the present procedure is simpler and should suffice for our purpose.
Equations ͑23͒ and ͑24͒ are obtained using Eq. ͑B7͒ and setting the coordinate of the center of the spherical potential well as ͑0, 0, ϪR͒, R being the distance between the center of the molecule and the semiconductor surface, being ͱx 2 ϩy 2 , and ds being 2d. Equations ͑21͒-͑24͒ are next used for the evaluation of the coupling matrix element. For a semiconductor conduction band, the occupation of the electronic states is low enough to be considered as obeying Boltzmann statistics. Thus, only states within an energy range of k B T above the conduction band edge are important in the electron transfer reaction. Since kϭ͉k͉ is only about 0.1 Å Ϫ1 at room temperature, it is a good approximation to replace the term e i(k x xϩk y y) by unity in Eqs. ͑21͒ and ͑22͒. A final expression for the coupling matrix element is then obtained by performing the integral in Eq. ͑20͒, yielding
.
͑25͒
In obtaining the above expression, the approximation that
when u 0 ӷ1, are used. Here, uϭ(␤ 2 /2)ͱ 2 ϩR 2 , and u 0 ϭ␤ 2 R/2, the value of u at ϭ0. Because of a 1 , V k (R) is seen to be proportional to 1/ͱv.
The term 1/␤ 2 R is small compared to the other term in the parenthesis in Eq. ͑25͒ when R is large. In the problems treated in this paper, R is always greater than 4 Å, and the term 1/␤ 2 R can then be neglected. In this case, Eq. ͑25͒ becomes,
and so V k (R) depends exponentially on the edge to edge distance RϪb between the semiconductor and the molecule. A 0 is given by Eq. ͑B8͒ or approximately by Eq. ͑B11͒.
The quantity a 1 in Eq. ͑26͒ is estimated as in Appendix A to be
the second equality arising because k z Ӷ␤ 1 .
Using the relation that ␤ 1 ϭ␤ 2 , and the above expression for a 1 , the expression for V k (R) then becomes
, ͑ ϭs͒. ͑28͒
The procedure discussed above for the s-type orbital can also be applied to a system with other types of molecular orbitals. In the present study, when a p z -like or d z 2-like orbital is used for the molecular orbital, as it should be for the molecules considered here, the approximation that 1/␤ 2 ϭ1/␤ 1 Ϸ1 Å is also used. The wave function is given by Eqs. ͑B1͒ and ͑B2͒, with lϭ1, mϭ0 for a p z -like orbital, and lϭ2, mϭ0 for a d z 2-like orbital, and their normalization constants are given by Eqs. ͑B3͒-͑B5͒. The electronic coupling matrix elements for these orbitals are then calculated using Eq. ͑20͒.
III. ESTIMATE OF THE MAXIMUM ELECTRON TRANSFER RATE CONSTANT
We next obtain the expression for the maximum rate constant k et max of the electron transfer reaction at a semiconductor/liquid interface, based on the free electron model given in the preceding section. We first discuss the f (⑀ k ) term in Eq. ͑9͒ and then derive an expression for k f t using Eqs. ͑9͒ and ͑28͒.
For a low-doped semiconductor of the zincblende type, the occupation of its conduction band at the surface is low enough that the occupancy probability, f (⑀ k ), of the state k, the kinetic energy of which is ប 2 k 2 /2m, 11 can be treated as obeying Boltzmann statistics. The sum ͚ k¯f (⑀ k ) in Eq. ͑9͒ can be written as an integral over k-states, when properly normalized. The number of electrons in the semiconductor conduction band in the volume v is n s v, and the probability of finding one of these electrons in dk x dk y dk z is the Boltzmann
When multiplied by n s v it becomes the probability that a state is occupied. The sum in Eq. ͑9͒ thus becomes
͑30͒
where V k for an s-like electron is given by Eq. ͑28͒, and for p z -like and d z 2-like electrons in the molecule is given by Eq. ͑B12͒ in Appendix B. Integration over k x , k y , and k z is intermediately performed, and one obtains 
͑32͒
It is seen to be linearly dependent on n s , the electron density near the surface of the semiconductor electrons. Here, R 0 is the smallest distance between the center of the molecule and the semiconductor surface. We then have an expression for the maximum second-order electron transfer rate constant written as
͑33͒
where A 0 is given by Eqs. ͑B8͒ and ͑B9͒. The above equation is then applied in the following to the two systems studied by Lewis and co-workers for a comparison with the experimental results. Following the discussion in the earlier section, ␤ 2 is taken as 1 Å -1 . The rate constant of the electron transfer reaction at the silicon/viologen 2ϩ/ϩ interface is estimated using Eq. ͑33͒ for a ͑hypothetical͒ s-like electron. At the Si/ N,NЈ-dimethyl-4,4Ј-bipyridylium 2ϩ interface, one of the Si/ viologen systems studied by Fajardo and Lewis, 1,3 the radius of the spherical potential b is estimated as 3 Å, 31 which gives approximately the size of the LUMO of the molecular acceptor. The m was obtained from self-consistent band structure calculations to be 0.191 m e , 32 where m e is the mass of a free electron. Since the surface of the silicon semiconductor in the experiments is terminated by a single layer of hydrogen atoms to remove the dangling Si bonds, the value of R 0 is chosen as the value corresponding to the direct contact of the adsorbed hydrogen atoms and the acceptors and is about 5 Å. 33 The value of obtained from a fit in Ref. 12 to the experimental data, 1 is about 0.7 eV and the calculated maximum rate constant is relatively insensitive to . When the maximum rate constant for this s-electron model is calculated using Eq. ͑33͒, the result in Table I is obtained, and compared there with the experimental results as well as the theoretical results obtained in Part I by the tight-binding method.
We turn next to the estimate of the electron transfer reaction rate constant at the InP/Me 2 Fc ϩ/0 interface. For this system, b is taken as 0.6 Å, 34 the radius of a Fe 2ϩ , because of the localization of the LUMO at Fe atom. 35 The ͑100͒ surface InP semiconductor used in the experiments is believed 36 to be terminated by a layer of oxygen atoms which saturate the dangling P bonds. The smallest distance R 0 between the center of the acceptor and the electrode is chosen to be 5 Å which corresponds to the direct contact of the molecular acceptor ͑the whole ferrocene molecule͒ and the oxygen atom. 33 The experimental effective mass m of an electron in the InP conduction band is 0.077 m e . 11,37 The reorganization energy of the system is about 0.8 eV, 2 but k et max is again relatively insensitive to . The estimated rate constant for the s-electron model is then given in Table I .
However, to compare with the real systems studied by Lewis and co-workers, 1 Table I. For comparison, the maximum electron transfer rate constant at the Si/Me 2 Fc ϩ/0 interface is also calculated, although the data on the maximum rate constant for this system are absent. The effective electron mass for the Si conduction band is again taken as 0.191 m e , the reorganization energy is 0.8 eV, the radius of Me 2 Fc ϩ/0 LUMO is 0.6 Å, and R 0 is taken as 4 Å. The results obtained using an s-type orbital and a d z 2-like orbital are both given in Table I .
IV. DISCUSSION AND CONCLUSION
A. Discussion
In the present paper, the free electron model is applied to the study of electron transfer reactions at semiconductor electrode/liquid interfaces. The electronic wave functions of the semiconductor are obtained in terms of plane waves in a semi-infinite potential well and the wave function of the acceptor is approximated to be a p z -like or d z 2-like orbital and for comparison results for an s-like orbital are also given, all for a spherical potential well. An analytic formula for the coupling matrix element is obtained for an s-like orbital using Bardeen's method, and then an expression for the electron transfer rate constant is obtained using this formula of the coupling matrix element.
The maximum electron transfer rate constants for Si/viologen 2ϩ/ϩ and InP/Me 2 Fc ϩ/0 , the two systems studied experimentally by Lewis et al., are then estimated using Eq. ͑33͒. The maximum rate constants of both systems are compared with the experimental result, which is of order of 10 Ϫ17 to 10 Ϫ16 cm Ϫ4 s Ϫ1 . The agreement is reasonable, considering the approximations involved, and the result is also in reasonable agreement with the theoretical results obtained in Part I using tight-binding calculations. As mentioned earlier, to mimic the experiments and the tight-binding calculations, a p z -like orbital and a d z 2-like orbital were used for the viologen 2ϩ/ϩ and Me 2 Fc ϩ/0 ions, respectively, in the calculations of the coupling matrix elements for these two systems. The error is greater for Me 2 Fc ϩ/0 ions, where the LUMO is assumed to be localized on the Fe atom. For comparison, an s-like orbital was also used for the calculation of the maximum rate constant. However, this s-like orbital is hypothetical, since the LUMO of these systems is not an s-orbital.
The difference between the theoretical maximum rate constants at Si/viologen 2ϩ/ϩ and InP/Me 2 Fc ϩ/0 interfaces in these calculations is partly due to the different size of the molecular orbitals. The LUMO, the electron acceptor state, of a viologen molecule is more delocalized than that of the Me 2 Fc molecule, which is essentially localized on the Fe atom. 35 Although the centers of the two spherical potential wells representing the two molecules are at approximately the same distance from the semiconductor surface, the calculated electron transfer rate constant for the Si/viologen 2ϩ/ϩ interface is larger than that for the InP/Me 2 Fc
. The coupling matrix element as a function of the size of the acceptor orbital is shown in Fig. 2 . The distance between the center of the spherical orbital and the semiconductor surface is kept constant in obtaining this figure. Another factor responsible for the larger calculated maximum rate constant at the Si/viologen 2ϩ/ϩ interface is the character of the acceptor orbital. The use of a p z -like orbital yields more efficient coupling between the semiconductor and the acceptor for the Si/viologen 2ϩ/ϩ interface than does the d z 2-like orbital that used for the InP/Me 2 Fc ϩ/0 interface, both for the tightbinding and for the free electron calculations. The relative inefficiency of d-electron in electron transfer was described in an earlier paper. 40 It is interesting that a model as simple as the free electron model yields a result for the electron transfer matrix element in reasonable agreement with the tight-binding calculation and with experiments. In these applications, the wave functions of the semiconductor or a reactant are needed outside the molecular potential well and on the surface of the semiconductor. For both wave functions boundary conditions are imposed ͑continuity of the respective wave function and of their derivatives at the relevant boundary͒. For the region outside the semiconductor and outside the molecule we introduce a distance dependence of the wave function which yielded the expected distance dependence of the electronic matrix element. Since the expected distance dependence is also reproduced quite well by extended-Hückel calculations, 39 with no adjustable parameters, perhaps the agreement of the matrix element calculated using the free electron model with the obtained tight-binding/extendedHückel calculations or from experiments is also consistent with this earlier work. The analytical expression Eq. ͑28͒ serves to bring out some of the sources of error: when the molecule and the semiconductor are more or less in edge-toedge contact, as in the methyl viologen case, the exponential factor in Eq. ͑28͒ is of the order of unity, and so is not a major source of error. However, when the orbital in the mol- ecule is localized, as in the ferrocene and so is buried, the orbital distance R -b, is large. Because of the exponential, the corresponding free electron model matrix element is subject to a substantially large error, as seen in Table I , using orbitals of the appropriate symmetry. Errors in the other quantities, e.g., for A 0 in Eq. ͑B11͒, appear to be more minor.
We explore further in the next section the relation between the free electron and the tight-binding models.
B. Relation of free electron and tight-binding models
We make this comparison initially for a one-dimensional chain of length l. For this chain the free electron value of a 1 is still given by Eq. ͑27͒, but with ͱv replaced by ͱl. The tight-binding coefficients C M K for a chain of N atoms can be written as
where M is a lattice atom index (M ϭ1,...,n), K is an electronic state index (Kϭ1,...,N), and M ϭ1 is a surface atom. Since the wave number k z ϭ2/ХK/(Nϩ1)a, where a is the lattice distance parameter, we can write
Inasmuch as the C M K 's are normalized to unity (
) and the individual atomic wave functions are normalized over a length a, the C M K /ͱa for M ϭ1 is the quantity to compare with the one-dimensional analog of a 1 in Eq. ͑27͒, ͱ2/l2k z /␤ 1 . Since k z is small, Eq. ͑35͒ yields C 1 K /ͱa Хͱ2/lk z a. When the tight-binding model is extended to the x and y directions, infinite in both directions, normalized to periodic boundary conditions ͑area l 2 ͒ using complex exponential wave functions, which are the discrete analogs of the exp ik x xϩik y y in Eq. ͑A2͒, Eq. ͑35͒ again applies but with ͱ2a/l replaced by ͱ2a 3 /v,
Omitted for brevity in the right-hand side of Eq. ͑36͒ are the discrete analogs of exp ik x xϩik y y. For M ϭ1 and with k z a being small, we can write
where C 1 K is the same for each surface atom ͑for small k x x and k y y͒. Thereby, 2/␤ 1 aͱa 3 can be regarded as the factor in a 1 contributing to the atom/atom exchange integral between the semiconductor and the adjacent solvent.
The contribution C 2 to ͉͉͐ 2 4r 2 dr outside rϭb is, from Eq. ͑B7͒, 4A 0 2 /␤ 2 3 . Taking the coefficient C of the molecule as unity, we can now rewrite V k in Eq. ͑25͒ as
where CХ1. Now the lowest energy of an electron in a cubic box of edge length a is ⑀ϭ3ប 2 /8a 2 m. In terms of ⑀, Eq. ͑38͒ becomes
For a value of ␤ϭ1 Å -1 , mϭ0.1 m e , and the lattice constant aϭ3 Å, the factor multiplying CC 1 K is about 2.5 eV. Not all of C can contribute to V k , but more than one semiconductor atom, and its C 1 K , can contribute. To some extent these neglected aspects approximately cancel. The coefficient of CC 1 K is seen to have ͑approximately͒ the value expected for an atom/atom exchange integral.
C. Conclusion
Although the free electron model is highly approximate, it does provide a reasonable description for the semiconductor electronic structure at the conduction band edge. 11, 32, 42, 43 The present model also incorporates the actual molecular orbital size and symmetry and the experimental coupling decay length, and perhaps for these reasons gives a reasonable zeroth-order approximation for treating the electron transfer at semiconductor/liquid interfaces. Although one cannot generalize from only two cases, we suspect on comparing the tight-binding and free electron results in Table I that the free electron model is better for a delocalized orbital like that of viologen than for a highly localized one like that of ferrocene. In this paper, for simplicity, the molecular orbital was first taken as an s-like orbital with a certain size, leading to an analytic result. However, the symmetry of the molecular orbital was taken into account instead by choosing orbitals with appropriate quantum numbers l and m in Eqs. ͑B6͒ and ͑B7͒.
In summary, it appears that the free electron model provides a reasonable and simple though crude description of the electron transfer reaction at semiconductor/liquid interfaces. Since this method uses Bardeen's method of estimating the coupling matrix element, it is not applicable to two overlapping potential wells 16 and thus it is only applicable to relatively weak couplings. Also it is only applicable to the electron transfer reaction near the semiconductor conduction/ valence band edge, because of the use of the free electron model. This method of estimating the electron transfer rate constant can be readily applied to other semiconductor/liquid interfaces.
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APPENDIX A: FREE-ELECTRON MODEL FOR THE SEMICONDUCTOR ELECTRODE
We treat the semiconductor electrode first and then the molecular electron acceptor in the solution using the potential wells. The electrons in the semiconductor are treated as free electrons in a potential well in the three-dimensional space, with a constant potential V 1 inside the well (V 1 Ͻ0). The potential well is infinite in the x and y directions and has a surface at zϭ0, and the potential is taken as zero outside the potential well. The wave functions are then obtained using the one-electron Schrödinger equation,
where V(r)ϭV 1 when zу0 and V(r)ϭ0 when zϽ0. , ͑ outside well͒, ͑A3͒
where ␤ 1 is a positive number, for zр0. Here, k x , k y , and k z (␤) are the components of the wave vector k in x, y, and z directions, respectively, with
where E is the energy of the electron. In Eqs. ͑A2͒ and ͑A3͒, a 2 , a 3 , and a 1 are constants which can be obtained by satisfying the boundary condition at the surface of the semiconductor and by the normalization of the wave function. The boundary condition at z→ϱ requires that ␤ 1 Ͼ0. The amplitude of ⌿ k *(r) outside the potential well is considerably smaller than inside, a normalization of the wave function, ͗⌿ k ͉⌿ k ͘ϭ1, yields ͉a 2 ͉ 2 ϩ͉a 3 ͉ 2 ϭ1/v to a good approximation, where v is the volume of the semiconductor as discussed in the text.
As usual, the relations between a 2 and a 3 , and between a 2 and a 1 are obtained using the continuity of the wave function and its first derivative with respect to z at zϭ0, and can be written as
These two equalities combined with the normalization equation, ͉a 2 ͉ 2 ϩ͉a 3 ͉ 2 ϭ1/v, determine the three constants a 2 , a 3 , and a 1 up to an arbitrary phase factor. These quantities will be used later in calculate the coupling matrix element between the ⌿ k and the wave function of the molecule. From Eq. ͑A5͒ one can verify that ͉a 3 ͉ 2 ϭ͉a 2 ͉ 2 , and if, without loss of equality we choose a 1 to be real, then a 2 *ϭa 3 and Eq.
͑27͒ is obtained.
APPENDIX B: THE ELECTRONIC WAVE FUNCTION OF THE ACCEPTOR MOLECULE
For simplicity, we treat the electronic wave function of the molecule in liquid as an electron moving in a finite spherical potential well with a radius b. The potential V 2 (r) within the potential well is a constant V 2 and is zero outside. The problem is well known 44 and the results will be used as follows.
The solution of the Schrödinger equation in the spherical polar coordinate (r,,) gives the normalized wave functions which are continuous at rϭb, .
͑B11͒
The ␣ decreases monotonically when b increases and is 0.73 Å Ϫ1 when bϭ3 Å. The A 0 2 calculated using Eqs. ͑B8͒ and ͑B11͒ are compared in Fig. 3 . In the text and in Table I only Eq. ͑B8͒ is used. We note that ͉͉͐ 2 4r 2 dr outside of the well of radius b equals 4A 0 2 /␤ 2 3 , and we wish 4A 0 2 /␤ 2 3 to be small. The value from Eq. ͑B11͒ is ͓2/(2ϩb␤ 2 )͔ where the wave function ml given by Eq. ͑B2͒ is a p z -like orbital when lϭ1, mϭ0 and is a d z 2-like orbital when l ϭ2, mϭ0, and where we have written the area element as dd and integrated the from 0 to 2, noting that the integrand is independent of .
